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Regional surface gravity data and global satellite magnetic data have been utilized to generate a pre-
liminary model of the crustal structure along a southwestenortheast proﬁle (GadraeFatehpur) through
western Rajasthan. The study area represents the western part of the Indian continental landmass which
has undergone several major episodes of repeated subduction/collision, plume traces and rifting from
Archaean to recent times. The temporal and spatial relationship between the various geotectonic
provinces is quite complex, thereby limiting the emergence of a suitable crustal structure model for this
region. Exposures of the Malani Igneous Suite (MIS), a product of bimodal volcanism (w780 Ma), and
considered to be the third largest felsic magmatic province of the world, is evident along the proﬁle and
also to the southwest of the study area. The easternmost part of the proﬁle is close to the DAFB (Delhi
Aravalli Fold Belt), a Proterozoic orogenic belt.
This study probes the geometry of the different crustal units in terms of density and susceptibility
variations in order to decipher the imprints of the major tectonic processes the region has undergone. In
order to decipher the crustal geometry of the GadraeFatehpur proﬁle, two NWeSE gravity and magnetic
proﬁle vertical sections (AeA0 in the south and BeB0 in the north) are modelled on the basis of the
constraints provided from previous seismic models. The crustal model of the GadraeFatehpur proﬁle is
composed of alluvium, Tertiary sediments, MIS, Marwar Supergroup, low-density layers (LDLs) and the
middleelower crustal layers, with a distinct change in conﬁguration from the southwest to northeast.
The Moho dips from SW to NE, the MIS in the SWgives way to the thick pile of the Marwar Supergroup to
the NE. The evolution of MIS has been suggested to have occurred as a consequence of delamination of
the upper mantle. LDLs are incorporated in GadraeFatehpur model. In the SW, LDL (2550 kg/m3) lies
below the MIS in the NE, another LDL (2604 kg/m3) is depicted below the mid-crustal layer.
 2013, China University of Geosciences (Beijing) and Peking University. Production and hosting by
Elsevier B.V. All rights reserved.1. Introduction
The western part of the Indian shield comprises the Marwar
craton in the west and the Bundelkhand craton in the east, welded
along the Delhi Aravalli Fold Belt (DAFB) during the Paleoproter-
ozoic (Sinha-Roy et al., 1998). This seems to be a plate collisionof Geosciences (Beijing)
evier
sity of Geosciences (Beijing) and Pboundary as supported by the geophysical data (Vijaya Rao et al.,
2000) which is used to explain the tectonic evolution of the DAFB.
Naganjaneyulu and Santosh (2011), based on 3D gravity models
have shown the existence of continental amalgamation in NW
India. The Malani Igneous Suite (MIS) spreads over a large area
(w50,000 km2) of the northwestern part of the Marwar craton,
and outcrops to the south of the craton (Fig. 1). It is dominantly
made up of felsic (rhyolitic) lava ﬂows and granitic plutons, with
subordinate maﬁc lavas, and felsic and maﬁc dykes (w780 Ma;
Rathore, 1995). Dharma Rao et al. (2012) found Cryogenian ages
(765e768 Ma) from the SHRIMP U-Pb of analysis zircons in the
basalts and associated rhyolites of the Sindreth Group. This sug-
gests the presence of an arc setting associated with Neo-
proterozoic subduction prior to the ﬁnal amalgamation of the
Gondwana supercontinent.eking University. Production and hosting by Elsevier B.V. All rights reserved.
Figure 1. Geologic and tectonic map of Rajasthan. LSL: LunieSukri Lineament; JBL: JaisalmereBarwani Lineament; KCL: KishangarheChipri Lineament; CJL: ChambaleJamnagar
Lineament; ASL: AjmereSadia Lineament; SSF: Sardhar Shahar Fault; BKF: BhagueKathu Fault; PVL: PisanganeVadnagar Lineament; DSS: Deepseismic sounding proﬁles; S: Sarnu
dandali; MU: Mundawara; DAFB: Delhi Aravalli Fold Belt; M: Marwar Basin; Dh: Dharimanna; Ka: Khatana; Na: Nagaur; Nd: Nandsi.
S. Kilaru et al. / Geoscience Frontiers 4 (2013) 717e728718The Malani province represents a large, intraplate, anorogenic
felsic event, which is why someworkers have ascribed it to an early
mantle plume (Sharma, 2003). In the southern part of the craton, at
Sarnu Dandali and Mundwara, evidences of intrusions predating
the Deccan event around 68.5 Ma have been found (Ray and
Pandey, 1999). Signatures of pericontinental rifting that lead to
the formation of the Barmer basin between early Jurassic and Ter-
tiary are also evident (Biswas, 1982). Sinha-Roy et al. (1995) sug-
gested the evolution of MIS as a result of low-angle subduction of
the Delhi crust (oceanic?) from DAFB beneath the western Rajas-
than craton. It is pertinent that the collision which was responsible
for DAFB must have been driven by slab-pull or by ridge-push over
the entire plate in question and hence it may be expected that the
alterations in the crustal structure due to emplacement of the MIS
would show different signatures in the vicinity of the DAFB.
Geophysical evidences are sparse in the western part of Rajas-
than (Marwar craton) in the trans-Aravalli area because the crustal
structure due to the MIS must have been altered in the vicinity of
DAFB. This points to the evidence of the presence of MIS as the low
Bouguer anomaly of this region in an engulfed high. Seismic im-
aging of the crust along the 400 km NagaureJhalawar deep seismic
reﬂection proﬁle has provided information on the broad crustal
structure of the orogenic region (DAFB) and part of the Marwar
Supergroup, which covers a part of the present study region
(Tewari et al., 1997). Satyavani et al. (2004) showed the presence of
a Low Velocity Layer (LVL) in theMarwar basin and underplating allalong the NaguareNandsi sub proﬁle of NaguareJhalawar proﬁle.
Another seismic proﬁle (DharimannaeKathana) in the south of the
study area provides vital seismic velocity information for con-
straining density values (Kaila et al., 1990). The thickness of the
magnetic crust in this area estimated from the MAGSAT data for the
DAFB is around 36e40 km (Mishra, 1987).
In the present study, an attempt is made to examine the
prominent anomalies in the regional gravity and magnetic data
(Figs. 2 and 4) for deciphering the subsurface geology, which
dominates the southwestern part of the craton and fades out to the
north and northeast, apparently getting obliterated over the
expanse of the Marwar basin. Two NWeSE gravity and magnetic
proﬁle vertical sections (AeA0 in the south and BeB0 in the north)
aremodelled on the basis of constraints provided from the previous
seismic models (Figs. 5 and 6). These seismic data were obtained
from deep seismic sounding proﬁles in western Rajasthan (Kaila
et al., 1990; Tewari et al., 1997; Satyavani et al., 2004). These sec-
tions subsequently serve to constrain a crustal model along an
SWeNE proﬁle (GadraeFatehpur), running across the western part
of the Marwar craton, sub-parallel to the DAFB. It is constructed on
the basis of existing geological knowledge as well as the Bouguer
gravity anomalies (GSI-NGRI, 2006) and the global magnetic model
(Maus et al., 2009). The model reveals the nature of interaction
between the different crustal units associated with the various
tectonic episodes of the past, and further sheds light on the prob-
able dynamics of collision, origin of felsic magmatism, formation of
S. Kilaru et al. / Geoscience Frontiers 4 (2013) 717e728 719Marwar basin, Reunion plume traces and neotectonic activities that
have manifested as lineaments in the study area.
2. Geotectonic history
The geology of Rajasthan has been studied bymany experts over
decades and the different major geological units and prominent
faults and lineaments of this region are shown in Fig. 1. The crust of
the northwestern Indian craton in Rajasthan comprises the
Archaean Banded Gneissic Complex (BGC) forming the basement,
overlain by the Proterozoic Delhi Aravalli Fold Belts of Delhi and
Malani Igneous Suite, most of which are covered by the Tertiary and
Quaternary sediments (Sinha-Roy et al., 1995). Studies by Gopalan
et al. (1990) have provided constraints on the ages of the pre-
Aravalli basement rocks. Detailed geological mapping by Roy and
Jakhar (2002) suggests a wide variation in the spatial and tempo-
ral evolution of the region through different geodynamic processes.
West of the Aravallis, the surface geology is dominated by the
Marwar formation to the north and by a more complex interplay of
granites, volcanics, Tertiary formations, maﬁcs and ultramaﬁcs to
the south. The craton boundary possibly extends into the political
boundary of Pakistan, ending at the NeS running SuleimaneKirthar
Himalaya ranges. The Sirohi and Erinpura granites and associated
pegmatites and aplites, which are exposed in a number of patches
at the southwestern edge of the DAFB, are considered to be the
results of the protracted event of diastrophism and deformation,
related to the Delhi orogeny around 1000e850 Ma (Choudhary
et al., 1984; Volpe and Macdougall, 1990; Dasgupta et al., 2011;
Pandit et al., 2011). In the subsequent phase of Neoproterozoic
crustal building, this region has witnessed bimodal volcanism
(Bose, 1989; Bhushan, 1995) in the form of Malani volcanics or
Malani Igneous Suite, determined to be of 780 Ma by Rb-Sr dating
(Rathore, 1995). These rocks occur as an unconformity bounded
sequence occupying a large area (w50,000 km2) of the north-
western Indian shield. Felsic (rhyolitic) lava ﬂows, granitic plutons,
with subordinate maﬁc lavas with felsic and maﬁc dykes, show
evidence of at least four episodes of magmatism spread over 100
million years (Stern and Hedge,1985; Santosh and Yoshida, 1992;
Rathore et al., 1999). Stern (2008) believed that increased explosive
volcanism could be the main cause of such worldwide activities
during the Neoproterozoic. Surface geological observations indicate
that Malani volcanism occurred along parallel crustal fractures that
developed as a result of extensional tectonics, indicating an intra-
cratonic rift setting, which may or may not be associated with
plume tectonics (Bhushan, 2000; Sharma, 2003).
The southern part of the Marwar craton is cut across by the oil
producing Barmer and Jaisalmer rift basins formed during different
stages of IndiaeGondwanaland separation throughout the Phan-
erozoic (Torsvik et al., 2005). During the early Tertiary and upper
Cretaceous, magmatic activities pertaining to the Deccan Trap
emplacement affected the southern part of the region which is
evident from intrusives of alkaline magmatic origin at the southern
edge of the study region. Such magmatism has been associated
with the mantle plume interaction during the CretaceouseTertiary
period (Ray and Pandey, 1999).
The Phanerozoic stratigraphy of the Marwar Supergroup in the
north and central parts of theMarwar craton on the other hand, has
remained mostly unaffected by tectonic deformation, meta-
morphism and migmatization. Phanerozoic formations of the
Marwar Supergroup rest unconformably over the MIS and is over-
lain by early Permian rocks (Rathore et al., 1999; Torsvik et al.,
2001). The Marwar Supergroup of lower Cambrian age (Kumar
and Pandey, 2010), composed of shallow water sediments, makes
up the earliest succession. This is marked by the presence of
evaporite sequence with possible connections with thephosphorite horizons of Krol belt in Lesser Himalaya, Hazara in Salt
Range of Pakistan and Birmania formations in western Rajasthan
(Banerjee and Mazumdar, 1999). Fluvial sedimentation occurred
during mid-Jurassic to Cretaceous when the Indus basin at the
westernmost edge of the craton saw a major uplift and withdrawal
of the sea (Sharma, 2007). Repeated transgressions and regressions
are inferred in the western and southern parts during the Tertiary
indicating the instability of the Indian shield prior to Himalayan
collision. Continental deposition occurred only during the Quater-
nary; the resultant alluvial formations are seen both in the south
and north (Dasgupta, 1975, 1977; Sinha-Roy et al., 1998).
Several major lineaments and faults have been traced from
geological studies, which are marked in Fig. 1. These lineaments
have basically controlled the neotectonic activities of this region
(mostly referred to as the Thar Desert). LSL (LunieSukri Lineament)
is a composite lineament system comprising a set of sub-parallel
curvilinear lineaments, oriented eastewest from Rann of Kachchh
through the NEeSW trending Luni river and extending to the
northeast of Ajmer. The CJL (ChambaleJamnagar Lineament) is a
NWeSE trending large scale lineament which follows the Pre-
cambrian tectonic boundaries. JBL (JaisalmereBarwani Lineament)
is a part of the 1000-km-long ESEeWNW trending lineament
which passes northeast of Gadra and appears as a boundary be-
tween the Paleoproterozoic Aravalli cover and the reconstructed
basement. There are large scale lineaments which can be traced for
hundreds of kilometres in the area (Roy and Jakhar, 2002). The
NNEeSSW trending KCL (KishangarheChipri Lineament) is a major
tectonostratigraphic boundary between the Delhi Supergroup to
the west and the pre-Delhi rocks to the east. The lineament forms a
contact between the Delhi rocks and the Sandmata complex. ASL
(AjmereSadia Lineament) occurs as two sub-parallel lineaments in
the Ajmer sector along the intersection of which the Aravalli
mountains are dissected and dismembered. SSF (Sardarsahar Fault)
is aligned in the NeS to NNEeSSW direction, with a conﬁned
downthrow of over 400 m in the west. In the Quaternary sedi-
ments, subsurface investigations show a downthrow of 700 m. BKF
(BhagueKathu Fault) is aligned NNWeSSE and runs perpendicular
to the Sardarshar Fault.
In general, though much is known about the different aspects of
geological evolution of the study area particulars of the present
subsurface geometry and constitution can only be deciphered on
the basis of geophysical data from the region. This in turn would
corroborate geological understanding and provide clues as to how
successive episodes of tectonic activity affected the formations
sequentially such as alluvium, MIS and Marwar Supergroup. With
this backdrop, the GadraeFatehpur proﬁle (w480 km long) which
crosses major gravity and magnetic anomalies and some important
geological features such as Malani Igneous Suite (MIS) and the
Marwar Supergroup has been selected to understand the evolution
of this region.
3. Gravity data
The Bouguer anomaly map, adopted from the GSI-NGRI (2006)
is presented in Fig. 2. The digitized data was available from the
data bank of National Geophysical Research Institute (NGRI),
Hyderabad. The Bouguer gravity anomalies (terrain-corrected)
show a large variation of about 300mGal. On examination, the map
shows positive gravity anomalies of about 100 mGal in the western
part of Rajasthan, trending NNWeSSE. These anomalies continue
southward into Gujarat and do not have any correlation with sur-
face geology, which consists primarily of Quaternary alluvium. The
Barmer and Jaisalmer basins are reﬂected as gravity lows but the
Cambay basin at the southern edge of the study area is located over
a positive gravity anomaly. In the central and eastern parts the
Figure 2. Gravity Bouguer anomaly map of Rajasthan with geology. LSL: LunieSukri Lineament; JBL: JaisalmereBarwani Lineament; KCL: KishangarheChipri Lineament; CJL:
ChambaleJamnagar Lineament; ASL: AjmereSadia Lineament; SSF: Sardhar Shahar Fault; BKF: BhagueKathu Fault; PVL: PisanganeVadnagar Lineament; DSS: Deepseismic
sounding proﬁles; S: Sarnu dandali; MU: Mundawara; M: Marwar Basin; Dh: Dharimanna; Ka: Khatana; Na: Nagaur; Nd: Nandsi.
S. Kilaru et al. / Geoscience Frontiers 4 (2013) 717e728720gravity anomalies trend NEeSW following the trend of the DAFB
and possibly marking the zone of amalgamation between the
Marwar and Bundelkhand cratons.
4. Topography
Gravity being closely linked with topography, the elevation map
is presented in Fig. 3. The gravity highs in the west are consistent
with low relief regions; this trend continues into Gujarat. The
topography is linear along the DAFB in the central portion of the
map, where the highest point is greater than 1000 m above mean
sea level. This is associated with the NEeSW trending paired
gravity anomalies. In the east, this topography gives way to the
Indo-Gangetic Plains possibly controlled by the extensions of
topographic ridges and valleys below the alluvium (Gupta and
Jindal, 2000). In the Bouguer anomaly map this is reﬂected as a
series of gravity lows along the eastern ﬂanks of the relief.
5. Magnetic data
The use of regional magnetic anomalies for the interpretation of
crustal conﬁguration is gaining strength as observational and
computational techniques have received a fresh impetus in recent
times. Joint inversion of regional gravity and magnetic anomalies,leading to delineation of collision zones which have resulted in
thermal demagnetization, have been published by Zheng and
Arkani-Hamed (1998). Hemant and Maus (2005) have provided
examples of cases where prominent regional magnetic anomalies
have been modelled to understand crustal structure and its defor-
mation in Greenland, Africa and Siberia. Structure of the Indian
offshore from satellite derived magnetic data has been interpreted
by Rajaram et al. (pers. comm.).
In the quest for parallel geophysical evidences to reduce ambi-
guities of interpretation, we attempt to extract information on
crustal conﬁguration, based onmagnetic data. In the earlier studies,
surface magnetic data along the NagaureJhalawar DSS proﬁle
across the DAFB has been analysed by Mishra et al. (1995) and
Bansal and Dimri (2005). Depths of about 1.5e2.8 km for the
magnetic sources have been suggested by them. Aeromagnetic data
is available over the known areas of mineralization in the southern
parts of the DAFB (Porwal et al., 2006) which however does not
cover the present study area. Since the above data does not cover
the entire region of study, data for the current study is derived from
the global magnetic anomaly models derived from the CHAMP
satellite as well as available surface data. The EMAG2 global model
(Fig. 4) (Maus et al., 2009) is compiled from satellite, marine,
aeromagnetic and ground magnetic survey with inclusion of
additional grid and track line data both over the land and the
Figure 3. Elevation map of Rajasthan with geology. LSL: LunieSukri Lineament; JBL: JaisalmereBarwani Lineament; KCL: KishangarheChipri Lineament; CJL: Chambale Jamnagar
Lineament; ASL: AjmereSadia Lineament; SSF: Sardhar Shahar Fault; BKF: BhagueKathu Fault; PVL: PisanganeVadnagar Lineament; DSS: Deepseismic sounding proﬁles; S: Sarnu
dandali; MU: Mundawara; M: Marwar Basin; Dh: Dharimanna; Ka: Khatana; Na: Nagaur; Nd: Nandsi.
S. Kilaru et al. / Geoscience Frontiers 4 (2013) 717e728 721oceans and has a resolution of 2 arc minutes. Such regional
anomalies reﬂect magnetic signatures of deep-seated crustal
sources of signiﬁcant susceptibility contrasts.
The magnetic data, presented in Fig. 4, corresponding to the
gravity highs (Fig. 2) in the western part of Rajasthan, show a major
magnetic high along with a low further west. Smaller positive mag-
netic anomalies correlatewith gravity highs at thewesternmost edge
of the map. The gravity signatures of the DAFB show no corre-
sponding reﬂections in the total intensityanomalymap. On the other
hand, in the eastern part of the map, over the Ganga Plains (east of
DAFB), several prominent magnetic highs and lows represent pecu-
liarities of the subsurface structure. Unlike the prominent pair in the
west, which lies along the continuation of JBL, the anomalies to the
east do not exhibit a clear correlation with any faults or lineaments.
6. Constraining information for modelling along the
GadraeFatehpur proﬁle
The variations of density and susceptibility along a 480-km-long
proﬁle from Gadra to Fatehpur crustal architecture are modelled on
the basis of the prominent regional gravity andmagnetic anomalies.
This proﬁle runs across the northwestern part of the craton and ischosen so that it intersects themostprominentgravityandmagnetic
anomalies. In order to further reduce ambiguities inherent in po-
tential ﬁeld modelling, two vertical sections (AeA0 and BeB0)
perpendicular to the GadraeFatehpur proﬁle and cutting it at the
south and north ends have been modelled on the basis of two Deep
Seismic Sounding (DSS) proﬁles in the region: the Dhar-
imannaeKathana (DheKa) proﬁle to the south (DSS-1) and the
NagaureNandsi (NaeNd) proﬁle to the north (DSS-2) (Fig. 1).
Dharimanna (DSS-1) is the nearest location from Gadra and Nagaur
is the nearest location from Fatehpur (DSS-2). It has been suggested
that the Marwar Supergroup rests unconformably over the MIS or
Paleoproterozoic Aravalli/Delhi metamorphics from the DSS-2 pro-
ﬁle (Prasad et al., 2010).
The density, susceptibility parameters as well as the depth es-
timates of the subsurface formations derived from these DSS pro-
ﬁles were incorporated as constraints for modelling the
GadraeFatehpur proﬁle. Many exploratory wells have been drilled
by India’s national oil companies (OIL and ONGC) close to this re-
gion. Thus this region assumes importance from the economic
point of view.
Velocity information through reinterpretations of the
NagaureNandsi DSS proﬁle (Tewari et al., 1997) by Satyavani et al.
Figure 4. Satellite magnetic contour map of Rajasthan with geology. LSL: LunieSukri Lineament; JBL: JaisalmereBarwani Lineament; KCL: KishangarheChipri Lineament; CJL:
ChambaleJamnagar Lineament; ASL: AjmereSadia Lineament; SSF: Sardhar Shahar Fault; BKF: BhagueKathu Fault; PVL: PisanganeVadnagar Lineament; DSS: Deepseismic
sounding proﬁles; S: Sarnu dandali; MU: Mundawara; M: Marwar Basin; Dh: Dharimanna; Ka: Khatana; Na: Nagaur; Nd: Nandsi.
S. Kilaru et al. / Geoscience Frontiers 4 (2013) 717e728722(2004) has been used to constrain the initial model, especially at
the northeastern end where three prominent faults are traceable.
The velocityedepth section shows a distinct upwarp of all the
layers, right from the upper crust to the lower crust. Presence of a
mid-crustal LVL in the NagaureRian sector with velocities appre-
ciably different from the LVL detected in the DSS-1 proﬁle makes it
an interesting observation, which indicates that the crustal struc-
ture of this region is tectonically complex. The depth and velocity
information, derived from the two seismic proﬁles, which are used
in our model are summarized in Table 1. Density values have beenTable 1
Summary of geological formations and geophysical parameters.
DharimannaeKhatana proﬁle Formation
Velocity (km/s) Density (kg/m3) Susceptibility (nT)
2.1 1800 0 Alluvium
3.2 2200 0 Tertiary
4.3e4.5 2400 0 Tertiary sediments
5.9e6.0 2600 0 MIS/granitic rock
5.5 2550 0 Low density layer
6.6e6.7 2800 0 Middle crust
7.2e7.4 2900 0.006e0.093 Lower crust
8.0e8.1 3300 0 Upper mantleassigned to the corresponding geological units (based on the ve-
locities) on the basis of the results in Ludwig et al. (1970), Barton
(1986), and the two seismic proﬁles in the region.
In order to account for the long-wavelengthmagnetic anomalies
derived from the combined magnetic model, the concept of Verti-
cally Integrated Susceptibility (VIS) from Hemant and Maus (2005)
has been used in the present study. Depending upon the known
rock types of the region, they are assigned a standard susceptibility
value and using the Crust 2.1 seismic crustal structure, a VIS model
is computed at each point of the region. The crust is thin inNagaureNandsi proﬁle Formation
Velocity (km/s) Density (kg/m3) Susceptibility (nT)
e 1800 0 Alluvium
4.6e4.8 2495 0 Granitic rock
5.5 2560 0 Marwar Group
5.5e6.1 2565e2780 0 Granitic rock
6.0 2604 0 Low density layer
6.5 2800 0 Middle crust
6.8e7.2 2900e2950 0-0.032-0.1 Lower crust
8.0 3300 0 Upper mantle
S. Kilaru et al. / Geoscience Frontiers 4 (2013) 717e728 723comparison to the altitude of satellite. Hence, satellite magnetic
maps are incapable of resolving individually the parameters viz.,
depth and susceptibility distribution, which are responsible for the
crustal anomalies. Hence, only bulk susceptibilities, susceptibility
of lower crustal formations multiplied by the thickness of the crust
at each point of the globe, can be inferred irrespective of the po-
sition of the magnetic body in that vertical column. This method is
adopted in the current model computation and the susceptibility is
assigned only to the lower crustal rocks.
7. Interpretation of gravity and magnetic data
The subsurface geology of GadraeFatehpur proﬁle is modelled
by representing lithological layers as equi-density and/or equi-
susceptibility layers and/or blocks. The units are deﬁned by
contrast boundaries of the layers/blocks. For 2.5D modelling, the
third dimension ‘y’ (in and out of the plane of the proﬁle) is
approximated by one or more given distances, thus generating a
quasi-3D model. To obtain consistency between observed and
compared gravity andmagnetic data, physical parameters observed
from measured seismic velocity are constrained and the layer di-
mensions are changed in an iterative manner. The best ﬁt between
observed and computed anomalies for both the gravity and mag-
netic data was obtained by interactively modifying the conﬁgura-
tion of the assumed bodies.
7.1. Subsurface model along AeA0
This proﬁle, as already mentioned, has been modelled basically
to provide constraints to the GadraeFatehpur proﬁle, particularlyFigure 5. Crustal modelfor the end regions of the proﬁle. Fig. 5 depicts the crustal conﬁg-
uration along the 330 km (AeA0 section), constrained by seismic
inputs from the DharimannaeKathana deep seismic investigations
(Kaila et al., 1990). The consistency between the observed data and
computed magnetic and gravity responses of the model are shown
in the two top panels. The bottom panel depicts the model geom-
etry, about 330 km in length and 60 km in depth. The extent of the
surface formations has been matched with the exposed lithology
from geological maps. The bottom panel is a magniﬁed image of the
top 10 km of the near surface features, which lack clarity in the full
model due to limitations of the vertical scale.
As per the DharimannaeKathana seismic proﬁle (Kaila et al.,
1990), the crust is more or less horizontally layered with the
crustemantle boundary at about 33 km depth. Under such con-
straints, a crustal conﬁguration from the gravity anomalies is
attributed mainly to changes in the geometries of the near surface
layers of alluvium (1800 kg/m3), Tertiary (2200 kg/m3) and another
formation (?) belonging to 4.5 km/s (2400 kg/m3). This formation is
assumed to be denser and formed during the early Tertiary with the
intrusion of the Deccan Traps (?), since Sarnu is close to the ‘A’
(AeA0 proﬁle) which is the site of Deccan magmatism. The lower
crust happens to be the underplated layer with density of 2900 kg/
m3. This assumption was necessitated because the shallow seismic
structure of the seismic proﬁle was not mapped because of the
logistical difﬁculties in the DSS surveys. The western end of the
section runs along the gravity and magnetic anomalies instead of
across them and hence modelling becomes subjective. Nonetheless
the gravity low in the west is attributed to the increased thickness
of alluvium and the high at the junction of PVL and JBL, is explained
by an upwarp of the upper crustal layers and the absence ofalong AeA0 proﬁle.
S. Kilaru et al. / Geoscience Frontiers 4 (2013) 717e728724alluvium. The prominent magnetic anomaly is explained by a large
susceptibility (0.093 SI units) observed in the lower crust of the
central part of the proﬁle and which is distinctly lower on both the
ﬂanks.
7.2. Subsurface model along BeB0
The crustal structure along the 245 km BeB0 (Fig. 6) section is
constrained by inputs from the NagaureNandsi proﬁle (Satyavani
et al., 2004). From the west to east this section depicts clear
change in the nature of the crust; the crust appears to be sub-
horizontally layered in the west and becomes faulted and
disturbed to the east where it is proximal to the DAFB, marked by
the presence of a distinct positive anomaly. The crustemantle
boundary in the crust is at the depth of 40 km in the west while it is
at 46 km in the east. The lower crust happens to be the underplated
layer with density 2900 kg/m3. The magnetic anomalies along this
section are not so prominent and the lower crustal rocks are
ascribed gentle susceptibility contrasts, until the beginning of the
DAFB region, where the value is clearly lower compared to the rest
of the proﬁle.
7.3. Subsurface model along the GadraeFatehpur proﬁle
The geometry of the subsurface along the 480 km long
GadraeFatehpur proﬁle, obtained from combined modelling of
observed gravity and magnetic anomalies is presented in Fig. 7. The
laterally projected positions of intersection of this proﬁle with theFigure 6. Crustal modelearlier discussed DSS lines (AeA0 and BeB0) are represented by two
vertical pseudo-logs indicating the interpreted depths from the
seismic data and marked as AeA0 and BeB0 at the surface. The ‘S’
marks the projected position of exposures of alkaline magmatism
at Sarnu Dandali, about 5 km to the north.
From the southwest to the northeast, for the ﬁrst 180 km, the
gravity and magnetic signatures along the proﬁle depict very
prominent anomalies: a regional high in the gravity ﬁeld (about
25 mGal) is punctuated by two lows and a low-high pair in the
magnetic ﬁeld. The subsurface model geometry, guided by velocity
information from the DSS-1 proﬁle, depicts a layer of surface allu-
vium of maximum depth of 2 km corresponding to the Barmer
basin, tapering off to both sides. In the area of the Barmer basin, this
is underlain by the Tertiary sedimentary formations of average
thickness of 1.5 km. This is followed by theMIS (D¼ 2600 kg/m3) of
thickness ranging between 3 and 7 km. The extent of substantial
quantities of the MIS computed from this model ends at the
boundary of the surface exposures of the Marwar formations. This
coincides with the presence of the prominent positive magnetic
anomaly of about 700 nT. A low density layer of 2550 kg/m3 and
thickness of 4 km extends from the southwest extremity, below the
Marwar formations at depths of 13 km. This is followed by normal
middle crustal rocks (D ¼ 2800 kg/m3). The lower crust, however,
shows sharp variations in susceptibility. Towards AeA0, VIS value is
about 0.088, corresponding to 0.0027 SI units, which is ascribed to
metavolcanics. Farther to the east, the contrast in VIS is sharpwith a
value of 0.315, corresponding to lower crustal susceptibility of
0.0091 SI units, which may be ascribed to igneous rocks, havingalong BeB0 proﬁle.
Figure 7. Crustal model along GadraeFatehpur proﬁle.
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corresponding to 0.0025 SI units.
The northeastern part of the proﬁle, though closer to the DAFB,
shows no signiﬁcant anomalies either in the gravity or magnetic
ﬁeld. Here the surface exposures of the Marwar Supergroup extend
to depths of about 14 km, below which the mid-crustal rocks dip in
the westerly direction. Below the mid-crustal rocks a low density
layer with a density of 2604 kg/m3 is delineated, based on the
constraints from the BeB0 section.
The crustemantle boundary along the entire proﬁle shows a
gentle gradient from 32 km in the southwest to 40 km in the
northeast. The shallowing of Moho across the Cambay basin
modelled by Tewari et al. (1991) is corroborated by our own
modelling results, close to the Barmer basin.
8. Discussion and conclusions
The region under study has a long and complex geological his-
tory. The model of subsurface conﬁguration, brought out in Fig. 7,
represents a ﬁrst order result of geophysical investigations, guided
by available seismic and geological information, which contributes
to the understanding of the imprints in the crustal structure that
different geodynamic processes have left behind. The
GadraeFatehpur proﬁle runs roughly sub-parallel to the axis of the
DAFB. The major tectonic perturbations in DAFB was summarized
and a 3D gravity model was presented by Naganjaneyulu and
Santosh (2011), wherein they explained the architecture of crustal
structure in the DAFB region beneath the DSS proﬁle.The model conﬁguration (Fig. 7) suggests that the crust of the
northeastern part predominantly retains the signatures of the
Proterozoic plate tectonics pertaining to the DAFB formation,
whereas in the southwest the signatures of volcanic activity
extending over the region have overprinted the earlier geometry of
the crust to a large extent.
Admittedly the seismic controls used are quite regional in na-
ture and consequently the models may see signiﬁcant modiﬁca-
tions in the details, with the availability of new data in the future.
The conﬁguration of the GadraeFatehpur model suggests the
following inferences:
(1) There is a change in crustal regime from the southwest to
northeast within the Marwar craton, obviously wrought by
different tectono-thermal processes viz., plate collision,
delamination, plume impact, rifting and faulting patterns from
Proterozoic to recent, inﬂuencing the different parts of the
proﬁle.
(2) The Proterozoic collision-related orogenies resulted include the
making of the DAFB due to the amalgamation of the Marwar
and Bundelkhand cratons (Vijaya Rao et al., 2000;
Naganjaneyulu and Santosh, 2011). The complexities of the
DAFB are beyond the scope of this paper. However, the tectono-
thermal processes in the making of DAFBmust have altered the
crustal conﬁguration in the study region in a very subtle way.
Beyond the collision zone to the northwest, the formation of a
broad ﬂexural basin is likely to have formed in which sedi-
mentation took place in several phases depending on the
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and south (Kumar et al., 1997). These are presently seen in the
form of Marwar group of rocks. The formation of the Marwar
Supergroup, derived from late Neoproterozoic to early
Cambrian sediments, is dated at 620e540 Ma (Kumar et al.,
1997). The basin is west of the Delhi Fold Belt and consists of
ﬂat undeformed clay evaporate sequences. According to Sinha-
Roy et al. (1995), the Erinpura granites (850 Ma) and Malani
Igneous Suite (850e740 Ma) form its basement, however our
model is not able to conﬁrm or reject this idea, on the basis of
density and velocity. We believe that the Marwar Supergroup
directly rests over the middle crust in the NE regionwhere as it
rests over LVL in the NW region of the proﬁle (Fig. 7). The
maximum depth of Marwar Supergroup extends to depths of
14 km which is too high (pers. comm., Sinha-Roy). In the
absence of seismic constrains in this region, it is possible that
Marwar Supergroup may be resting over the MIS and it may
continue in the subsurface level further northeast.
(3) The long-wavelength gravity and magnetic ﬁelds around the
DAFB do not show conspicuous anomalies, leading us to infer
that the lithospheric section is in a state of compensation and
also that the lower crustal layer does not include rocks of high
susceptibility. This prompts us to speculate that delamination
and slab breakup, possibly in Meso- and Neoproterozoic times,
may have been the mechanism whereby isostatic compensa-
tion was achieved. Without more constraints and 3D compu-
tations, it is not possible to estimate the location where
delamination may have taken place, but it is logical to deduce
that this process would modify the crust in the form of crustal-
scale faulting and/or underplating (Grover and Wortel, 1993;
Zantd and Ammon, 1995). The present model agrees with the
underplating model as proposed from both velocity models
(Kaila et al., 1990; Satyavani et al., 2004). In such a situation,
ductile lower crustal mechanism governed by pressure-driven
lateral ﬂow (Block and Royden, 1990) must have played a vital
role, whereby the Moho remains ﬂat and extension disturbs
the upper andmiddle crust only. Depletion of material from the
lithosphere would result in shallowing of the Curie isotherm,
which may lead to demagnetization. Thus traces of magnetic
substances would also be obliterated to a large extent. Since
Moho in Nagaur sector (northwest) appears as moderate,
discontinuous reﬂections, the strong reﬂection bands in the
southeast part (Tewari et al., 1995) suggest effects of meta-
morphism and different degrees of magmatism.
(4) The end of the Mesoproterozoic and the beginning of the
Neoproterozoic era is recognized as the time period for the
breakup of the Rodinia supercontinent, followed by the as-
sembly of Gondwana. The formation of the Malani Igneous
Suite is suggested to have occurred during this period (Torsvik
et al., 2001; Gregory et al., 2009; Pradhan et al., 2010). The
mechanism for its formation still attracts controversy, and
various mechanisms, ranging from a plume below the
Archaean basement to Delhi orogeny-led extensional tectonics
of crust (Choudhary et al., 1984; Bhushan, 2000) have been
proposed. An intra-cratonic rift setting has also been suggested,
while the presence of a deep mantle plume has been objected
to (Sharma, 2003). Sinha-Roy et al. (1995) suggested the evo-
lution of the MIS (w750 Ma) as a result of low-angle subduc-
tion of the Delhi oceanic/transitional crust beneath thewestern
Rajasthan craton (post-Delhi orogeny w1100 Ma). The related
distensional tectonics during Neoproterozoic time along with
reactivation of orthogonal deep faults and fractures were
crafted onto the Marwar craton during the Delhi orogeny
(Sinha-Roy et al., 1995). We opine that delamination related
magmatismwas primarily responsible for providing sedimentsand water, resulting in MIS/granitic magmatism (w750 Ma),
which intruded through the upper crust through shear zones
and faults, which themselves were the outcome of the
delamination process (Müntener and Hermann, 2001). As a
consequence of delamination, upper mantle lava would ﬂow
into the crust along weak zones, which would serve as maﬁc/
ultramaﬁc conduits, possibly responsible for felsic composition
in the crust. The seismic receiver function analysis (Jagadeesh
and Rai, 2008) also reveals the felsic crust in the northwest
Indian craton. This is accompanied by alteration in the crust,
which probably led to the formation of the felsic Erinpura
granites in the study region (Nelson, 1992).
(5) MIS bimodal volcanism is heterogeneous and composed of
rhyolites, basalt, andesite, trachyte, welded tuff, alkali granite
plutons, veins and dykes of granodiorite, aplite, dolerite and
gabbro (Bhushan, 1984). The high thickness of MIS (w7 km)
could be due to a mixture with the Deccan Traps. Under this
situation of the MIS/granitic rocks, the depth will be reduced in
the model. It may be noted that the exposed MIS are mostly
low-density rhyolites, which came to the surface due to high
buoyancy; occasional exposures of basicMIS could be related to
very high buoyant forces during a phase of Malani magmatism.
Sharma (1995) opined that the Malani granites could have a
mixed crustal source and could be a partial melt product of
BGC. Spera et al. (1986) demonstrated that sudden changes of
eruption conditions can lead to sharp compositional variations
in the outﬂow deposit, even when the initial composition
proﬁle of magma chamber remains continuous.
A series of intra-cratonic rift basins developed under an exten-
sional tectonic regime from early Jurassic to Tertiary in the Barmer,
Jaisalmer and Bikaner regions during the CretaceouseTertiary
period in western Rajasthan, India. The proﬁle cuts across the
Barmer basin (w100 km in the NortheSouth direction andw50 km
wide), which contains a sedimentary sequence of middle Jurassic to
lower Eocene age; deposited under shallow marine ﬂuvial envi-
ronment (Sinha-Roy, 1998). The evolution of this basin may be
related to the thermo-tectonic events of the Cambay basin of India
(Tewari et al., 1991).
(6) In the southwestern end of the proﬁle (Fig. 1), in the Sarnu
Dandali and Mundwara region, the crust is intruded by the
alkaline magmatic complexes of age 68.43 and 68.57 Ma (Ar-
Ar). This is associated with the continental ﬂood basalt of
Deccan volcanism and the observed 3He/3He ratio in this region
is twelve times higher than the average (Basu et al., 1993),
indicating plume tectonics. Ray and Pandey (1999) also support
this idea on the basis of their study. Pb loss event around 70Ma
was also reported in this region due to Reunion plume tectonics
(Sivaraman and Raval, 1995). According to Sheth et al. (1997),
alkaline magmatism is known from many ﬂood-basalt prov-
inces of the world, a natural consequence of plume head in-
cubation. It is difﬁcult to ﬁlter out the signatures of
delamination and plume tectonics solely on the basis of gravity
and magnetic data; possibly both the events are interwoven in
the conﬁguration of the crust.
(7) It is possible that the thermal perturbations due to plume ac-
tivity have affected the conﬁguration and composition of the
Precambrian crust in the western Rajasthan during late
Mesozoic in the form of the LDL (Fig. 5), a mid-crustal
emplacement of fractionated ﬂuids, spread throughout the
region, below the MIS. This geometry can be inferred to be the
product of the DAFB collision and associated ﬂexure, where the
low density layer could be a by-product of subduction-related
ﬂuids. The existence of LDL/LVZ in the crust could also be
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content basaltic magma, generated by plume tectonics. Since
the Cambay graben in Gujarat was connected with the Rajas-
than shelf through Sanchor and Barmer grabens during the late
Cretaceous, lithospheric extension related to Reunion plume
interaction, must have left its imprint on the crustal fabric and
its chemical composition as a whole.
(8) Collision of the AsiaeEurasia plates (w57 Ma) followed by
anticlockwise rotation in the Holocene led to the formation of
the Thar Desert. The seismicity of Rajasthan (San and San,1983)
indicates a high-strain region. Chun (1986) shows a shear wave
velocity of 4.52 km/s in the uppermost 80 km of the mantle, a
signature of active tectonics. During the Quaternary, major
lineaments seem to have been active which show the Pre-
cambrian structural grains and some lineaments that cross cut
the Precambrian grains (Roy and Jakhar, 2002). Saline lakes,
which are characteristic features of the Thar Desert seem to
have a connection with neotectonics as they are bounded by
these lineaments. Krishna Brahmam (1993) attempted to
explain the high gravity anomaly as being due to high density
rocks at shallow depths. A possible meteorite and/or asteroid
impact has also been ascribed as the source of the magnetic
anomaly of this region (Tripathi et al., 2010). The cause for
thickening of upper crust/middle crust in the eastern side of
the proﬁle along with deepening of the Moho is attributed to
the ﬂexure of the crust and other thermo-tectonic activity
possibly associated with the Himalayan orogeny. This ﬂexure
affects the entire Gangetic foredeep (Bilham et al., 2003).
Thus it can be inferred that the region under the study is still
undergoing deformation due to Himalayan tectonics over and
above the tectonomagmatic events of earlier geological times in
western Rajasthan.Acknowledgement
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